Summary. The ability of cefotaxime, ciprofloxacin, piperacillin and tobramycin to cause release of endotoxin was examined in vitro with cultures of Enterobacter cloacae and Escherichia coli. Endotoxin was measured by a quantitative limulus amoebocyte lysate assay and its presence was confirmed by silver staining of the lipopolysaccharide moiety following SDS-PAGE. The morphology of the bacteria during antibiotic exposure was examined by scanning electronmicroscopy. Cefotaxime, ciprofloxacin and piperacillin caused significant endotoxin release, correlating with their ability to affect cell-wall morphology, causing filamentation, wall breakage and cell lysis. In contrast, little endotoxin was released when bacteria were exposed to tobramycin and no morphological changes were observed when bacteria were exposed to bactericidal concentrations of this aminoglycoside. Its antimicrobial spectrum and bactericidal activity make tobramycin an appropriate agent for treatment of sepsis caused by gram-negative bacteria and its lack of propensity to elicit excessive release of endotoxin may avoid exacerbation of endotoxin-related shock in sepsis.
Introduction
Endotoxin (lipopolysaccharide, LPS) is a major component of the cell wall of gram-negative bacteria. It has been implicated in septic shock and multiple organ failure.' These disease processes have an associated mortality rate of c. 50%, even where appropriate antibiotics are used and intensive care management is A possible explanation for this high mortality is the release of additional endotoxin during antibiotic the rap^.^ Various in-vitro studies have reported release of significant amounts of endotoxin when bacteria are exposed to bactericidal antibiotics. 5- 9 The present study aimed to determine the amount of endotoxin released from bacteria in vitro when exposed to antibioticsduring logarithmic phase growth. The results were correlated with morphological changes in the bacteria following exposure to the antimicrobial agents.
Materials and methods

Bacteria
Clinical isolates of Enterobacter cloacae and Escherichia coli were used; these were identified by Received 22 Dec. 1992; revised version accepted 28 May 1993.
6 Correspondence should be sent to Dr T. S. J. Elliott. the API 20E system (API Laboratory Products, Basingstoke, Hants). They were stored on nutrient agar slopes at 20°C and, before use, were subcultured on to nutrient agar containing horse blood 3 % and incubated for 16 h at 37°C in air.
Antibiotics
The antimicrobial agents used were cefotaxime (Roussel Laboratories, Uxbridge, Middlesex), ciprofloxacin (Bayer, Newbury, Berks), piperacillin (Lederle, Gosport, Hants) and tobramycin (Lilly, Basingstoke, Hants). Minimum inhibitory concentrations (MICs) were determined for each strain by the broth dilution method," and susceptibilities in disk diffusion tests were determined by the modified Stokes' method."
Endotoxin release studies
Sterile pyrogen-free plastic-ware was used for all endotoxin assays. Cultures were prepared by inoculating three colonies from the blood-agar plates into 20-ml amounts of warm (37°C) nutrient broth. The broths were incubated for 1 h at 37"C, then diluted 1000-fold in 20 ml of fresh nutrient broth and incubated for a further 1 h. Antibiotics at 100 x MIC were then added to the cultures, which contained c. 104cfu/ml. Viable counts and the amount of endotoxin in the culture media were measured at 0, 1, 2 To bramycin 040
1.60
and 3 h after the addition of the antibiotic. A similar culture without antibiotics acted as a growth control and nutrient broth without bacteria or antibiotics was the medium control for the endotoxin determinations.
To determine released endotoxin, 1-ml portions of the cultures or controls were filtered through a pyrogen-free 0.2-pm pore polysulphone filter (Acrodisc, Gelman Scientific, N~rthampton).~ The filtrates were immediately stored at -7O"C, then thawed at room temperature, mixed and serially diluted 102-104-fold in pyrogen-free water for the endotoxin assay.
Endotoxin assay
A modified chromogenic limulus amoebocyte lysate (LAL) microassay (Coatest Endotoxin Kits, Kabi Diagnostica, Stockholm, Sweden) was used ; 50-pl amounts of the test samples were added to 50-pl amounts of LAL in a sterile microtitration tray. After incubation for 15 min at 37"C, 100 pl of substrate S-2423 (supplied in the LAL assay kit) was added and the samples were incubated for a further 5 min at 37°C. The reaction was then stopped with loop1 of acetic acid 20%. Finally, optical densities at 405 nm were measured on an automated ELISA plate reader (Titertek Multiscan Plus, Flow Laboratories, Buckinghamshire). Appropriate standards of endotoxin (0.3, 0.6 and 0.9 EU/ml; 1 ng = 12 EU), pyrogen-free water and the nutrient broth control without antibiotics or organisms were included on each plate. Endotoxin concentrations in the test samples were estimated from the linear plots of optical density versus endotoxin concentration obtained for the standards.
Antibiotic interference in the L A L assay
The effect of the antibiotics on the LAL assay was determined. Antibiotics were diluted in pyrogen-free water to 100 x MIC and stock endotoxin was added at a concentration of 0.6 EU/ml. The mixtures were incubated for 1 h at 37"C, then mixed well for 3 min. Subsequently, the endotoxin concentrations were determined by LAL assay. This experiment was repeated four times.
Viable counts
Samples (0.1 ml) of the control and test cultures were obtained and 10-fold dilutions were made in sterile Ringers' solution. Ten-pl amounts of appropriate dilutions were then plated in duplicate on to blood agar and colony counts were performed after incubation at 37°C for 16 h.
Scanning electronmicroscopy
The morphology of the Ent. cloacae cultures (lo6 cfu/ml) after exposure to the antibiotics was determined by scanning electronmicroscopy. Samples of broth culture were removed and the bacteria were resuspended in glutaraldehyde 3 YO in 0.2 M sodium cacodylate buffer for 16 h at 4°C. The samples were then dehydrated for 1 0-min periods in increasing concentrations of ethyl alcohol (25, 50, 75, 90 and 100 YO) followed by acetone 100 YO for the same period.
The bacteria were finally collected on a 0.2-pm polycarbonate filter (Nucleopore, Agar Scientific, Stansted, Essex), critical-point dried and gold-coated in a sputter coater (EM-Scope 500) at 20mA for 2 min. Finally, the bacteria were examined with a Hitachi 2300 electronmicroscope at an accelerating voltage of 25 kV.
Visualisation of LPS by silver staining
Cultures of Ent. cloacae were grown to a density of 10' cfu/ml in L broth (yeast extract 5 g, tryptone 10 g and NaCl 10 g in 1 L of distilled water)12 before 1OOOxMIC of antibiotic was added at time 0. The viable counts were determined 0, 1.5 and 3 h after addition of antibiotic. Samples (10 ml) for SDS-PAGE were taken at the same intervals and were processed as follows. After centrifugation at 10000 g for 5 min, 1 ml of the supernate was removed and used for LAL assay as above. The remainder of the supernate (9 ml) was added to 30 ml of ethanol and stored at -20°C for at least 30 min. LPS was precipitated at 10000 g for 15 min and resuspended in SDS-PAGE sample buffer.13 This material was then digested with proteinase K14 before electrophoresis on an acrylamide 12 % mini-gel system as previously described. 13 Extracts from each antibiotic treatment and control group were run on separate gels. LPS components were visualised by a silver-staining method,15 incorporating the following modifications. The gel was fixed overnight in an aqueous solution of The development of staining intensity was stopped by placing the gel in acetic acid 1 YO v/v for 3 min before transfer to distilled water.
Stat is tical methods
Data were analysed by variance of log values of endotoxin concentrations.
Results
Antibiotic interaction of the L A L assay
Cefotaxime, ciprofloxacin and tobramycin at 100 x MIC did not interfere with the detection of endotoxin by LAL assay. However, endotoxin detection was significantly (p < 0.001) inhibited by piperacillin at 100 x MIC, with recorded endotoxin levels appearing c. 65% below the control values (table I) .
Antibiotic susceptibility
The MICs of the antibiotics are shown in table 11. All the bacteria were sensitive to the antimicrobial agents investigated.
Viablc counts and endotoxin release
The viable counts and endotoxin release data for Ent. cloacae and E. coli are presented in figs. 1 and 2, respectively. Each figure shows mean data for three separate experiments. The endotoxin levels recorded for the nutrient broth controls remained constant over the study period and were subtracted from the results obtained for the bacterial cultures.
Exposure of Ent. cloacae ( fig. 1 ) to ciprofloxacin 0.3 mg/l or tobramycin 4 mg/l resulted in a marked decline in viable count within 30 min. The viable counts of bacteria in the presence of cefotaxime 2 mg/l or piperacillin 16 mg/l remained unchanged during the first hour of exposure, and then declined slowly during the following 2 h.
Endotoxin was released slowly from Ent. cloacae control cultures during logarithmic growth and was released in larger amounts during stationary phase. Cefotaxime, piperacillin and ciprofloxacin caused a rapid and significant (p < 0.05) release of endotoxin from Ent. cloacae, occurring 1-2 h after the addition of the antibiotic and reaching a maximum of 400 EU/ml at 3 h (table 111) . During a 3-h exposure period, tobramycin did not significantly increase endotoxin release compared to that seen with the control bacteria (p > 0-05). Differences between the endotoxin release caused by tobramycin and that caused by the other antibiotics were significant (p < 0-05).
A similar response was demonstrated with E. coli cultures: thus, tobramycin caused no increase in endotoxin release (p > 0-05) whereas cefotaxime, piperacillin and ciprofloxacin induced increased release of endotoxin after exposure for 1 h (p < 0.0 1, fig.   2 ). However, E. coli cultures that had not been exposed to antibiotics showed increasing endotoxin release after growth for 2 h and, by 3 h, the amount of endotoxin released appeared to be greater than in any of the cultures treated with antibiotics. Nevertheless, when the bacterial numbers were taken into account, the amount of endotoxin released per bacterium remained lower for the control culture than for the antibiotic-exposed bacteria (table IV) . When the data were analysed on this basis there was no significant difference in the amount of endotoxin released per bacterium at 3 h between the control culture and that exposed to tobramycin (p > O-OS), but there was a significant (c. 700-fold) increase for the cefotaxime-, ciprofloxacin-or piperacillin-treated bacteria compared to the control or tobramycin-treated organisms (p < 0.025). These results also suggest that the 0.2-pm filters did not themselves cause release of endotoxin from the control bacteria, as has been described in previous ~t u d i e s .~ Morphological efects of antibiotics on Ent. cloacae En?. cloacae cells were rod-shaped, with smooth wall morphology, as examined by scanning electronmicroscopy. Cefotaxime (20 mg/l) or piperacillin (160 mg/l) caused filamentation within 1 h (fig. 3a) . During the following hour, elongation of the filaments occurred, with some bacterial lysis ( fig. 3b) . Exposure to ciprofloxacin (3 mg/l) for 1 h caused some bacterial filamentation and by 2 h, terminal cell lysis was evident ( fig. 3c ). The morphology of the bacteria after exposure to tobramycin (40 mg/l) did not appear different from that of the control cells ( fig. 3d and e) .
Visualisation of LPS by silver staining
Experimentation with reference LPS from E. coli Olll:B4 showed that increasing the LPS concentration resulted in an enhanced band intensity on SDS-PAGE gels. The silver stain method has been reported to have a detection limit of 5ng (60 EU) of LPS/lane;16 therefore, to raise the amount of LPS released to a level detectable by staining, the bacterial concentrations in the cultures were increased relative to those employed when LPS was measured by LAL assay. The antibiotic concentration was also increased, albeit not fully in proportion to the cell concentration, to 1000 x MIC rather than 100 x MIC.
After exposure of Ent. cloacae cultures to cefotaxime, piperacillin or ciprofloxacin, the amount of LPS released into the supernate was increased compared to the control, as shown by greater staining intensity, whereas the staining intensity of LPS from tobramycin-treated bacteria did not differ from that of the control. The profiles of the LPS released following exposure of Ent. cloacae cultures to ciprofloxacin and tobramycin are shown in fig. 4 . Fig. 4 . Silver stains of LPS of Ent. cloacae following SDS-PAGE: profiles for bacteria exposed to (a) ciprofloxacin, (b) tobramycin. Lanes 1 and 3, control bacteria; 2 and 4, bacteria treated with antimicrobial agents for 1.5 and 3 h, respectively. The amount of silver-stained LPS was greater in the ciprofloxacin-treated bacteria than in those exposed to tobramycin.
Discussion
The role of endotoxin as one of the mediators of septic shock in gram-negative septicaemia is increasingly recognised as an important clinical problem.'" Antibiotic therapy during such sepsis may cause additional endotoxin release, thereby exacerbating shock. Therefore, antibiotic selection may be of prime importance. The present study demonstrated that endotoxin is released from Ent. cloacae and E. coli after exposure to cefotaxime, ciprofloxacin and piperacillin, but not during exposure to tobramycin. The increase in endotoxin release after 1 h was correlated with the morphological changes induced by the antibiotics : filamentation and lysis were induced by cefotaxime, ciprofloxacin and piperacillin, whereas tobramycin had no apparent effect on gross morphology. These observations can, in turn, be related to the actions of these Endotoxin release from the Ent. cloacae and E. coli strains followed similar time courses during exposure to cefotaxime, ciprofloxacin or piperacillin. However, the time course of bactericidal activity differed between ciprofloxacin and the p-lactams. Ciprofloxacin-treated bacteria were killed rapidly and no viable organisms were detected after 30 min, whereas cefotaxime and piperacillin were bacteriostatic during the first hour of exposure and then bactericidal. It would appear that endotoxin release from the cefotaxime-or piperacillin-treated bacteria is directly related to a decrease in the number of viable bacteria and may reflect the p-lactam activity on the cell wall. Filamentation, with an increase in biomass and with concurrent synthesis of LPS occurred before bacteriolysis. Lysis of these filaments would then release more endotoxin than would be liberated by lysis of unicells. Such a process has recently been demonstrated22 with several other antibiotics that, like piperacillin and cefotaxime, bind to PBP-3 and induce filamentation, but not rapid lysis, in gram-negative rods. Endotoxin release from the ciprofloxacin-treated bacteria in the present study may have resulted from lysis of the terminal cell walls of non-viable bacteria. In comparison, bactericidal concentration of tobramycin did not cause additional endotoxin release and no alteration was observed in bacterial morphology.
The specificity of the LAL reaction for endotoxin and interference by antibiotics have previously been q~e s t i o n e d .~~ Cefotaxime, ciprofloxacin and tobramycin did not interfere with this assay; however, the presence of piperacillin caused a reduction in the amount of endotoxin detected (table I). The reasons for this inhibition are unclear at present. However, the observation supports the need for confirmatory tests such as SDS-PAGE and silver staining of LPS to demonstrate that endotoxin is being measured and not an antibiotic interaction.
It has been demonstrated previously that tobramycin or gentamicin can reduce the amount of endotoxin detected by LAL In another neutralisation of endotoxin with tobramycin occurred after 3 h. These effects, unlike that with piperacillin, were not seen in the present study. It is possible that the incubation period of 1 h used in the current study was not optimal for neutralisation of endotoxin. However, the low degree of endotoxin release from tobramycin-exposed bacteria was confirmed by SDS-PAGE, suggesting that the LAL assay was not distorted by endotoxin neutralisation. It seems possible that the lack of cell wall destruction by tobramycin resulted in retention of endotoxin.
The extent to which different antibiotics induce endotoxin release from gram-negative bacteria is also relevant to current theories of the pathogenesis of multiple organ failure in critically ill patients. Splanchnic ischaemia, complicating various shock states, may cause an increase in intestinal mucosal permeability,26 with consequent leak of intra-luminal endotoxin across the bowel wall and into the systemic circul a t i~n .~' Systemic or enteral antibiotics that facilitate endotoxin release could be disadvantageous in these circumstances. For example, selective antibiotic decontamination of the digestive tract (SDD) has been recommended for the prevention of bacterial colonisation of the gastrointestinal and respiratory tracts of critically-injured patients undergoing mechanical ventilation2' and has been suggested as a means of eradicating gut-derived end~toxin.~' The enteral component of this regimen includes tobramycin and polymyxin, both of which have been shown to bind to lipid A.* However, the recommended concurrent systemic use of cefotaxime for SDD could counteract these potential benefits, and might explain why the regimen consistently reduces infection rates without significantly improving survival.3o
Our findings suggest that it may be appropriate to use an aminoglycoside for those systemic infections in
